Abstract. We have examined frequency and amplitude changes in high-resolution seismic-reflection data associated with practical modifications to the sledgehammer method. Our seismic data, acquired at three sites with different near-surface geology, demonstrate the effects of seating the plate prior to recording, of centered versus noncentered impacts, of subsurface plate emplacement, of various plate-surface covers, and of aluminum versus steel impact plates. Impacts on well-seated plates produced as much as 4 dB higher seismic amplitude than data recorded using unseated plates, and increased the ratio of high-to-low frequencies. Sledgehammer impacts on the edge of the plate decreased seismic amplitude by 6 to 12 dB for frequencies above 100 Hz compared to centered impacts. Placement of the impact plate 1 meter below the ground surface produced a 12 dB amplitude increase for frequencies above 130 Hz at one test site. Plates made of either steel alloy or aluminum produced equivalent seismic signals. The site-dependent nature of some of our results suggests that other investigators may benefit from conducting similar experiments prior to acquiring shallow seismic-reflection data when using the sledgehammer source.
Introduction
The objective of this paper is to evaluate the merits of making simple and practical acquisition-procedure changes to the sledgehammer source to improve seismic data quality. Although previous studies have investigated source parameters for projectiles ) and large weight drops (Neitzet, 1958; Domenico, 1958) , no summary of source parameter tests for the sledgehammer exists in the literature. Laboratory experiments with small masses (0.008 kg to 0.359 kg), however, have shown that source-wavelet characteristics are dependent on impact parameters (Mereu et al., 1963) . Our experiments were designed to test some of Mereu et at.'s (1963) laboratory results in various near-surface field conditions. The need for economy and for greater resolution at shallow depths (less than 30 m) are the principal catalysts spurring the development of high-frequency, low-energy sources for shallowreflection applications. Although recent attention has been given to projectile and explosive sources in hopes of achieving higher frequencies and reduced source-generated noise such as ground roll and air-coupled energy (Miller et at., 1986 (Miller et at., , 1992 Steeples, 1984; Pullan and MacAulay, 1987) , these sources disturb the near-surface material.
Projectile and explosive sources, therefore, may not be ideal for repeated shots at the same shot Copyright 1994 by the American Geophysical Union. 
Results

Plate Seating
Seating the plate refers to the merits of compacting the source region through repeated impacts prior to recording. Twenty consecutive impacts to three plates with different surface areas were recorded at each of the three sites. Data shown in figure 3 are from single impacts for the 1st, 10th, and 20th impacts, respectively, where the first impact was on an unseated plate. No change in seismic velocities (refracted or reflected) was noted with successive impacts at these sites.
Plate seating with constant surface area. Our data indicate that seismic-amplitude increases associated with plate seating are site dependent. Average seismic amplitude increases (body waves plus ground roll) from the initial impact to that of the twentieth impact were 1.5 dB for gravels at the Snodgrass Ranch site (Figure 3) . The other sites' results show increases of 2 dB for soils at the KU Campus site and less than 0.5 dB for compacted sands at the Sandpit site. Spectral characteristics were affected by repeated impacts at the Snodgrass Ranch site (Figure 4) . The spectral data from this site show no amplitude changes for frequencies below 70 Hz but significant amplitude increases for frequencies above 70 Hz as the source region became compacted due to the continued impacts. This phenomenon may be associated with decreased inelastic-wave generation and related filtering effects as the material strength in the source area is increased (Dobrin and Savit, 1988) . At the Sandpit site no significant spectral changes were noted, while at the KU Campus site amplitudes for frequencies between 90 and 180 Hz were increased approximately 6 to 9 dB with continued impacts. We also hit a l-m long auger flight screwed into the ground so that the top of the flight was 2 cm above the surface prior to impact. A 6 dB decrease in seismic energy was observed for the auger flights compared to the surface plate of equal mass. In addition, spectra for the data show a 50-Hz decrease in peak frequency from the surface plate to the auger flight (Keiswetter, 1992 ).
Plate Material
In addition to steel plates, a plate made of aluminum was included in the tests. No significant amplitude or frequency change was observed between the aluminum plate and steel plates of equal mass at any of the study sites. The durability and handling ease of aluminum compared to steel alloy makes aluminum plates superior for repeated impacts during data acquisition. Throughout the tests, aluminum proved to be a viable alternative to steel impact plates. In an attempt to reduce the air-coupled wave that results from the hammer impacting the plate, rubber and foam materials were used to cover the impact surfaces of the plates. These coverings were not found to be effective, as they reduced both the seismic amplitudes and the air-coupled wave at the same rate.
Discussion
Our data indicate that practical source-parameter modifications for the sledgehammer produce changes in data quality that are site dependent. The following conclusions are based on seismic data acquired at three sites and are not, therefore, generalized to other arbitrary sites. Because the experiments are quick, cheap, and simple, other researchers may benefit from conducting similar experiments at prospective sites prior to acquiring shallow seismic-reflection data when using the sledgehammer source.
Conclusions
Impacts on well-seated plates produced as much as 4 dB higher seismic amplitudes than data recorded on unseated plates and increased the ratio of high-to-low frequencies. The importance of plate seating, however, was found to be site dependent with average amplitude increases of 2.0, 1.5, and 0.5 dB observed for the KU Campus, Snodgrass Ranch, and Sandpit sites respectively. These data also demonstrate that increases in seismic amplitude associated with repeated impacts are inversely proportional to the plate's surface area.
Although the effects of a noncentered impact varied from one impact to another, decreases of 6 to 12 dB were observed for frequencies above 100 Hz.
Placing the plate 1 m below the surface produced an amplitude increase of 12 dB for frequencies above 130 Hz at the KU Campus site but no significant change at the Snodgrass Ranch site. Increased data quality associated with subsurface plates may justify extra field efforts for sites with unconsolidated nearsurface materials.
No significant amplitude or frequency change was observed between the aluminum plate and steel plates of equal mass at any of the study sites. The durability and handling ease of aluminum compared to steel alloy makes aluminum plates superior for repeated impacts during data acquisition.
Rubber and foam plate coverings reduced the seismic amplitudes and the air-coupled wave at the same rate and thus were not found to be effective in selectively attenuating the aircoupled wave that results from the hammer striking the plate.
